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Abstract 
Subcooled compressed air energy storage (SCAES) is a system cogenerating heat, cooling, and power at a 
high coefficient of performance. In this study, hybridization of a SCAES system with a large-scale solar-
powered absorption chiller (SPAC) is proposed. The hybrid system sustainably provides cooling and power 
at high efficiency. The combined SPAC-SCAES system is appropriate for locations with large cooling 
demand and grid-connected renewable power plants. Employing this system, the renewable power plant may
efficiently operate in the power market, maximizing the financial benefits by storing its surplus power and 
reclaiming the stored energy for balancing the demand nd the production. In addition, a large amount of 
cold is produced, increasing the profitability of the system. This combined system is designed and simulated 
for a typical wind farm plus an absorption chiller of a hospital. Non-linear programming (NLP) is used to 
optimize the operation strategy of the SCAES and based on the given results; the components of the syst m 
are sized. The results show that by the combined system a massive amount of balancing power can be 
produced for the grid, a reliable integration between the cold and electricity sectors is made, and the 
levelized cost of energy (LCOE) decreases remarkably. 

















Distributed energy systems including district heating and cooling networks are getting more popular 
worldwide [1]. These systems offer a sort of advantages compared to stand-alone energy production systems 
such as flexibility in building design and energy generation systems, lower costs, more efficient energy 
delivery processes and reduced carbon footprint [2]. Among distributed energy systems, electricity grids are 
widespread in most countries, district heating has received significant attention in some countries, and  less 
attention has been paid to district cooling. The main reason for this inattention may be due to the fact that the 
pioneers of district energy systems are the North-European countries where the demand for cooling is les
than that felt for heating [3]. The trend has, however, changed over the last decades. As an example, district 
cooling covers well above 40% of Sweden's cold demand, today [4]. Although this value is only 4% for 
Denmark, the expansion of the areas covered by district cooling is of importance for the energy planners of 
the country [5].  
In district cooling systems, the main energy supply technologies are generally large-scale compression and 
absorption chillers. As an absorption chiller is heat driven, it is most appropriate for district cooling 
applications where the main objective is the utilization of various waste heat sources in the network [6]. The 
research on the concept of absorption chillers began a long time ago and new studies bringing innovatins in 
this field or proposing novel applications of this technology are still coming up every day. One of the most 
interesting schemes under development is the SPAC. In a SPAC, a considerable portion of the heating 
demand is supplied by solar energy. As the cooling demand is highly correlated with the solar irradiance, this 
concept results in impressive techno-economic outcomes. In one of the recent works in this area, Albers [7] 
increased the coefficient of performance of a SPAC and reduced its water consumption through an 
innovative design. In another work, concentrating Fresnel collectors were used for driving a set of absorption 
chillers. In this system, a high efficiency of around 60% was obtained for the solar thermal system and a 
favorable operation was observed from the chillers, demonstrating promising prospects for industrial process 
integration [8]. Marc et al. [9] dynamically modeled a medium-scale single effect solar assisted absorption 
chiller and validated their model with experimental results. Wang et al. [10] experimentally investigated the 
performance of solar assisted chiller co-fed with the waste heat from a gas engine. The coefficient of 
performance of this system reached 0.91 and 0.6 in waste heat mode and solar mode, respectively. Xu et al.
[11] experimentally evaluated the performance of a variable effect absorption chiller designed for highly 
efficient solar cooling systems. Porumb et al. [12] investigated the operating conditions and performance of a 
SPAC, suitably describing the behavior of the equipment and precisely evaluating the safe operating 
conditions of the device. Bellos et al. [13] studied the dynamic energetic, exergetic and economic 
performances of a SPAC. Li et al. [14] carried out a thorough multi-objective optimization of SPAC 
machines for air-conditioning applications. In one of the most recent works in this area, Arabkoohsar and















large-scale cooling system of a hospital in Denmark. They observed a significant improvement in the 
performance of the conventional cooling system of the case study, a considerable saving in the consumption 
of the local district heating and a large emission reduction. In their next work, Arabkoohsar and Andresen 
[16] designed a hybrid solar assisted absorption chiller and a gas expansion station for the same case study to 
reduce the size of the cooling system and to take advantage of the free cooling and power production 
potential of the local gas station.   
CAES technology is a promising electricity storage solution that has recently received much attention. The 
main reasons for such interest in this technology are the low capital cost, the high agility and the good energy 
conversion efficiency that the advanced configurations of the CAES offer [17]. The most advanced scheme 
of CAES so far has been multistage adiabatic CAES (ACAES) so-called isothermal ACAES (IACAES). This 
design of the technology presents a high round-trip efficiency of up to 80% [18]. The three other 
configurations of this technology are diabatic CAES (DCAES) [19], single stage ACAES [20] and low-
temperature ACAES [21]. A detailed explanation of the development stages of CAES technology and the 
features of each of the layouts may be found in [22]. In one of the latest works in this area, Arabkoohsar and 
Andresen [23] proposed an innovative design of CAES, cogenerating heat, cooling, and power, called 
SCAES. This system is, in fact, a further development of the IACAES design, aiming at producing cooling 
and power in the expansion stage as well as heat generation in the compression process. Although the power-
to-power efficiency of this system is lower than the other schemes, the very high coefficient of performance 
of the system and the capability of Trigeneration of electricity, heat, and cold make this configuration a 
unique design and efficient techno-economically. The main restriction of this system is that its application is 
limited to locations with continuous heating and cooling demands.  
In the present work, a hybridization of a SPAC and  SCAES system is proposed. By such a hybrid system, 
the storage system may provide all or a portion of the required heat of the chiller in the charging phase and a 
considerable portion of the cooling demand in the discharging mode. Therefore, the cooling duty of the 
chiller in the discharging mode of the storage unit decreases considerably. The heating demand of the 
absorption chiller in the discharging mode of the SCAES is provided by the solar thermal system to the 
possible extent. The remaining demand is provided by local district heating. In order to investigate the 
performance of the proposed system, it is designed, sized and analyzed thermodynamically for a case study 
in Denmark. The case study comprises a small part of  wind farm with an overall capacity of 300 MWp and 
a hospital with a maximum annual cooling demand of 3.2 MW. The operation strategy of the energy storage 
is determined by employing NLP approach in MATLAB and then, based on the given results; the sizing of 
the components of the hybrid system is accomplished. 
 















2.1. The configuration  
The hybrid system is a combination of a SPAC and a SCAES unit. A very thorough explanation of these two
technologies can be found in [15] and [23], respectiv ly. Therefore, no configuration of these systems and 
only a short explanation about each of them is present d here. 
In a SCAES unit, the system can be divided into two parts, i.e. compression and expansion. The compression 
part comprises a multistage compressor, intercooler heat exchangers, and an air reservoir. This part is active 
in the charging mode, increasing the pressure of the air reservoir and generating heat. In this phase, the 
compressors start working when surplus power is available. During the compression process, the airflow 
temperature increases, and the intercooling heat exchangers are used to withdraw this heat from the air 
stream. After exchanging heat with a working fluid, the compressed air is stored in the air reservoir. The 
expansion part includes a multistage single screw expander [24] with preheating heat exchangers before each 
stage, the air reservoir, and an electricity generator. This part is active in the discharging mode. In this mode, 
the compressed airflow is expanded and the electricity generator is actuated to generate electricity. Besides, 
as the airflow is expanded, its temperature falls and  considerable amount of cold is produced via the heat 
exchangers.  
In a SPAC, a considerable portion of the required hat for driving the absorption chiller is supplied by a solar 
thermal unit. The rest of the heating demand is supplied via a secondary supplier, e.g. a fire-tube boiler, 
district heating, etc. A single effect LiBr-water absorption chiller is the suitable type of chiller for being 
powered by medium-temperature solar thermal systems [25]. In such solar systems, evacuated tube collect rs 
are of the best choices.  
Knowing the SPAC and the SCAES technologies, one may introduce the proposed hybrid SPAC-SCAES 
system. Fig. 1 presents a schematic diagram of this system. In this system, the energy storage part is to not 
only support a renewable power plant for storing its surplus power and providing dispatchable electricity to 
the grid but also to support the SPAC with its cold and heat production potential. The best operational 
strategy of the combined system depends on the availability of surplus power as described below:  
a) The local renewable power plant, e.g. a wind farm, generates surplus power: In this case, the SCAES is 
in the charging mode. Therefore, no cooling is produced by the screw expanders. Instead, a large amount 
of heat is produced, which can be used to drive the chiller. The chiller receives this heat from the 
SCAES. As the temperature of the discharged water of the chiller generator is still at a very high 
temperature (around 85 oC), it goes through the solar storage tank to heat it up to any possible 
temperature. As it will be explained later, the heat production of the system is more than its cooling 
generation. If the generated heat is more than the heat demand of the chiller, the surplus heat is stored for 
later use. This can be simply done using an insulated buffer tank with pressurized water as the heat 















b) The wind farm demands auxiliary power: In this case, th  storage unit goes to generation phase. In the 
generation phase, i.e. the discharge mode, no heat is generated by the SCAES. Instead, a large amount of 
cold is produced by the expansion devices. This cold stream is used to decrease the cooling duty of the 
chiller by direct supply of the district cooling. The chiller provides the rest of the cooling demand of the 
network and if the produced cold is higher than the instantaneous cooling demand, the surplus cold is 
stored. The cold storage can also be simply done via an insulated buffer tank with pressurized water as 
the storage medium. The solar thermal unit provides a considerable amount of heating for the chiller. If 
there is a need for additional heat, local district heating system may provide this. In addition to the
produced cooling, a considerable amount of power is supplied to the electricity grid as well. 
 
Fig. 1 Combined SPAC-SCAES system for the cogeneration of co ling and power, SE: surplus electricity, M: Motor, 
C: compressor, T: expander, HX: heat exchanger, G: electricity generator, HW: hot water, CW: cold water, yellow: 
compressed air, light blue: cooling/heating fluid in ambient temperature, dark blue: subcooled working fluid, red: hot 
working fluid, Abs: absorber, P: pump, RV: restrictor valve, HX: heat exchanger, SHX: solar heat exchanger, SST: 
solar storage tank, SCs: solar collectors, SF: solar ystem working fluid, Gen: chiller generator, Con: condenser, Eva: 
evaporator, CLW: cooling water, CT: cooling tower, DCW: district cooling water. 
Note that the operational strategy and characteristics of the absorption chiller, such as temperatures, 
pressures, solution concentrations, etc. are similar to those used in Ref. [15]. The solar thermal features and 
the characteristics of the employed collectors are also the same as Ref. [15]. The SCAES characteristics, 















2.2.  Sizing the hybrid system based on the case-specific conditions 
For accomplishing the simulation of the proposed hybrid technology, sizing of the main components and 
specification of the operational conditions of the system are necessary. Normally, the energy storage unit is 
sized considering the case-specific needs including the available surplus power, the local energy pricing 
strategies, etc. As such, the specific needs and cosiderations are effective for the absorption chiller. In this 
study, the cooling network of a hospital in Denmark is the case study. This hospital has a large district 
cooling network and takes advantage of a district heating connected absorption chiller to supply the required 
cooling. This system is not efficient enough during summer when the local district heating network works 
based on very low loads while the cooling demand is high. Consequently, the heat suppliers must work at 
higher loads to cover the chiller demand whereas the return water from the chiller is still at very hig  
temperature, causing a large heat loss in the district heating pipeline. The detailed explanation of this 
problem and the solutions proposed are available in [15, 16]. As the hybrid system in this work comprises an 
energy storage part, there should exist a renewable power plant with surplus power to feed the storage 
system. This is, in fact, a further reason for selecting this case study as the area has a large-scale wind farm 
suitable for this hybridization.   
There are a number of important parameters required for sizing the system and simulating its performance 
for the case study. The first important parameter is the cooling demand of the local district cooling network. 
Fig. 2 shows the total daily cooling demand of the hospital [26]. According to the figure, even in the coldest 
months of the year, the hospital demands a base cooling l ad of 38 MWh/day. The maximum total daily 
cooling of 77 MWh/day is also required during the summer. The statistics show that a maximum of 3.2 MW
of cooling demand is recorded in the hospital during the hot summer days.  
 















To better understand the effect of the conventional coo ing system of the hospital on the local district heating 
network, one only needs to consider the total demand of the local district heating. Fig. 3 gives information 
about the total daily demand of Aarhus city district heating, where the hospital is located, before connection 
to the hospital chiller as well as the local waste incineration capacity during the year 2015 [27]. As seen, the 
heating demand of the whole city is slightly above 100 MWh/day during summer. Taking into account the 
logical coefficient of performance of 0.7 for the chiller [9], and the maximum cooling demand of 77 
MWh/day, the district heating system is imposed to a sharp extra load of around 110 MWh/day. On the otr 
hand, as seen, the waste incineration capacity, which is the primary source of district heating supply, is 
around 80 MWh in this period. This means that for providing the requested heat of the cooling system of the 
hospital, the other heat plants of the network should come into operation. 
 
Fig. 3 Aarhus city district heating demand and waste incineration capacity in 2015 [27]. 
In addition, as the hybrid system includes a solar the mal system, the information about the local solar 
irradiance is a key piece of the required data for the project. The previous study of the authors indicates that 
the optimal slope angle in Aarhus is 45 oC [15]. The information about the theoretically and practically 
available irradiance on such a sloped surface in the case study is presented in [15]. According to the 
reference work, a maximum of almost 900 W/m2 solar energy may irradiate theoretically at noontime during 
June-September while the practical peak value is below 800 W/m2. In January, November, and December, 
the maximum practically solar radiation is below 200 W/m2 [15].  
The next important parameter is the operating strategy that the storage system works based on, i.e. the 
charging and discharging times and loads. This should indeed be defined through the energy market 
optimization of the wind farm coupled with a SCAES unit taking into account the electricity, cooling, and 















which maximizes the total annual achievable revenue from the SCAES system. The outcomes will be 
presented in the results section. 
 
 
3. Mathematical Modelling 
In this section, a detailed mathematical model of the system is presented comprising the thermodynamic 
model of the components, the optimization method, an  the economic performance assessment criterion.  
3.1. Thermodynamic model of the system 
For presenting the thermodynamic model of the system, it is divided into two separate parts. First, the model 
of the SCAES is presented. For this part, depending on the operation mode, i.e. charging or discharging, 
different formulations are applied. In the charging phase, the index of power-to-heat efficiency is defined for 
the system as below: 
 = 	 
	 

  (1) 
where, tc refers to the number of time steps in the charging mode, 	 is the heat produced in this phase and 	 is the surplus power used by the SCAES to produce compressed air.  
During discharging mode, as the system is bifunctioal, two performance criteria are defined for the system. 
These criteria are power-to-cooling and power-to-power efficiencies as below respectively: 
 = ∑ 	 ∑ 
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  (3) 
in which, 	 is the cooling production of the system and 	 is the power production of this system, td is the 
number of time steps in the charging phase and  counts the operation time steps. 
There is a detailed formulation of the SCAES system co ponents in [23]. A brief mathematical model of 
these components is presented hereunder. For the compressor set, the total work available to drive the 
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in which, #	  is the total work, $	  is mass flow rate, w is the specific work of each compressor. The 
subscriptions c and a represent the compressor stages and the airflow, n is the number of stages. 
Similarly, the work production of the expanders is calculated by: 
 	  = 
	 % = ∑ 	  !"!  (5) 
where, &' is the electricity generator efficiency and the subscription t stands for the expanders. The outlet 
temperature of the expanders and compressors are important parameters on the overall performance of the 
system and the following heat exchangers. Assuming adiabatic processes through each stage of the 
expanders and compressors, these items could be both calculated by:    
() = (* + + -./0/ 1 − *3 4 (6) 
in which, r refers to the pressure ratio and &5 is the isentropic efficiency of each of the devices. μ is the ratio 
of specific heat for air. The value of 7 is 1 for the compressors and it is -1 for the expanders.  
For the heat exchangers, considering counter-flow layout, based on ɛ-NTU method, one has: 
(), = (*, − ɛ + ɛ	(*,; (7) 
	 ; = 	 <<<=(*, − (),>;=(),; − (*,;>  (8) 
where, ɛ is the effectiveness factor of the heat exchanger. The subscriptions f refers to the secondary working 
fluid of the heat exchangers (water here). ?@A  is the airflow heat capacity and cf  is the heat capacity of water. 
Employing the formulation above, one can calculate the values of heat and cold production of the system 
through the heat exchangers as below: 
	 = .	 ;;=(),; − (*,;>1!
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With regard to the air reservoir, as it is assumed to be in temperature equilibrium with the environmet, the 
only effective parameter is its pressure. For this term, one could write: 
 B- = .-C(-D- 1 			)-):	- = -0 ± 	 		&			(- = (H    (10) 
in which, r refers to the reservoir and the superscription m is the mass of air within the reservoir. Naturally, 
in charging mode, the mass of the air increases and it decreases in discharging mode. λ is the time steps 
counter in this relation.  
Finally, it is worth mentioning that in the formulation set presented above, the pressure ratio of the 
compressors is chosen as 5, the expansion ratio of the turbines is 0.2. While the isentropic efficiency of 
compressors is 0.85, this parameter is no higher than 0.65 for the expanders [24]. The effectiveness factor of 
the heat exchangers is considered 0.8.  
The second part of this section is presenting the model of the SPAC. There are some assumptions and poi ts 
regarding the absorption chiller that should be mentioned. Here, the heat losses from the heat exchangers and 
the piping are negligible, the refrigerant is pure water, the pressure is always constant but through the 
restrictors, there is only saturated liquid at points 2, 3, 7 and 11 while there is saturated vapor at point 1 (refer 
to Fig. 1). Initially, one knows that the cooling duty of the chiller will decrease when the SCAES is in the 
discharging phase. In this case, one has: 
	 )I = 	  − 	 0)	 (11) 
where, 	 is the total cooling demand of the case study and 	0JK is the cold provided by the SCAES 
unit. The SPAC should provide the rest of the demand. The energy balance of the evaporator can be written 
as follow: 
	 )I = 	 LL − 	  − 	 LL =		 =,* − ,)> 
)-):		 L = 	  + 	 L = . NLO	 L	  (12) 
in which, the subscription dcw refers to the district cooling water stream. The inl t and outlet temperatures of 
this stream into and from the evaporator are 15 oC and 8 oC, respectively. The energy balance of the absorber 
can be written as below: 















where, clw,1 and clw,2 refer to the cooling water streams coming in and goin  out of the absorber. The 
physical properties of the absorber and the refrigerant in each point are based on those used and reported in 
[15]. The work of the pump is calculated by: 
	  = 	 SISBS − BT 		 (14) 
where, v is the specific volume of the solution.  
Writing the energy balance and mass conservation law of the solution heat exchanger as well as the 
restriction valve, one can proceed to model the solar heat exchanger and the supporting unit of it, i.e. solar 
thermal storage system. Regarding the solar storage tank, considering a stratified tank with N nodes, the 
energy balance for each node can be written as below: 
(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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*W − 	 W − 	 QH>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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U," 	 (15) 
where, the superscript n indicates the number of the node for which the energy balance is written and st
refers to the storage tank. The parameters		 , 	X5Y , 	Y	and		]^ are respectively the heat supplied to the 
storage tank from the solar collectors, the heat transfer due to mass exchange between the nodes, the heat 
withdrawn from the storage tank for the solar heat exchanger and finally the rate of heat losses. These it ms 
are calculated by the following equations, respectiv ly: 
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;,L" 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Also, the parameter 	k in Eq. 15 is the rate of heat supplied to each node by the hot water discharging from 
the generator via a hot helical coil through the storage tank. Dividing the coil length into M nodes, one can 
write the energy balance for each node of the helical coil as: 
lD(AU, − (A∆ + 	 =(U − ( > + ij  (A − ( = N;	 )-): (A = )"=(U, ( > (20) 
in which, the subscript hc refers to the helical coil, and the superscript m is the number of node of the helical 
coil. ρ is the density of the hot water, V is the volume of water in each node and $	  is the mass flow rate of 
hot water. The overall heat transfer coefficient (UA) is obtained from: 
ij  = m ,H*,* +
-,HQ" n-,H-,*op + Hq
0
j,H  (21) 
where, d and r are the diameter and radius of the helical coil, the subscripts i and o refer to the internal and 
external conditions and A is the heat transfer area. Finally, one has: 
	 " = r	  = rij  (A − ("  	 (22) 
in which, γ represents the number of m nodes of the helical coil in each n node of the storage tank. The heat 
supplied by the collectors may be calculated as below: 
	 s = jtu − iQ=( − (H>v (23) 
In this equation, Assc is the collector module absorption area, S is the absorbed solar flux, Ul is the overall 
heat losses from the collectors and Tp is the average temperature of the plate. The heat withdrawn from the 
storage tank to supply the absorption chiller, which is normally taken from the upper node, i.e. the hottest 
node, of the storage tank, is obtained from: 















 in which, 	' is the total heat required in the generator of the c iller, 	0JK is the heat provided by the 
SCAES in the charging phase and 	 wxy is the auxiliary heat when the storage tank temperature falls below 
the required temperature. The minimum required temperature for driving the chiller of this study is 90oC.  
For calculating the mass flow rate of the working fluid coming from the solar storage tank to the solar heat 
exchanger, one can write: 
	 W = 	 ;;=(;,S − (;,T> = 	 (z − (O  (25) 
In this equation, the subscriptions s refers to the absorption chiller solution (LiBr-water). The specific heat 
capacity of the solution in various ranges of concentrations can be calculated from the formulations given in 
[25]. 
The required heat in the generator equals the cooling demand divided by the coefficient of performance of 
the chiller (	K{/0.7). The energy balance of the generator can be written as below: 
	  , + 	 zz = 	  ,L + 	  + 	 NN (26) 
It is also noteworthy that not all the heat gathered from the SCAES system in the charging phase of this 
system can be used directly for driving the chiller. In fact, as this heat is supplied in the form of a hot water 
stream, it is suitable for direct supply until its temperature is higher than 90 oC. When the temperature falls 
below 90 oC, it goes through the storage tank to charge it for higher possible temperatures (by means of the 
helical coil).  
Finally, the energy balance of the condenser is also in the following form: 
	 Q=Q,L − Q,S> = 	  − 	 NN		 (27) 
By employing the presented formulation and the relevant boundary conditions of each of the control 
volumes, one can simply accomplish the simulation of the hybrid SPAC-SCAES system.  
3.2. Optimization parameter  
The optimization part of this work includes two stages, i.e. the optimization of the operation strategy of the 
SCAES unit based on the electricity, heat and cooling spot prices as well as the wind power availability, and 
the optimal sizing of different components in the hybrid SPAC-SCAES system. 
The optimal operating strategy of the SCAES unit is found based on the maximization of the benefit 
achievable from the system in the case study. For this, the total annual benefit function of the system which 
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where, prs is the spot price of electricity (el), heat (h) and cooling (c). P, H, and C refer to power and heat 
and cold whereas the subscriptions prod, cons are respectively the production and consumption of the 
system. For this optimization process, the NLP method is used. The general form of an NLP problem is to 
minimize a scalar-valued function f(x) of several variables x subject to other constraints or functions that 
limit or define the values of the variables [28]. In mathematical form, this can be written as: 
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 (29) 
where, f(x) is the function that should be minimized, c(x) and ceq(x) are the nonlinear constraints of the 
function, A, b, Aeq and beq represent the linear constraints of the function and lb and ub are the lower and 
upper bounds of the variables in the function. For employing this approach in this work, the solver ’fmincon’ 
in MATLAB was used.   
Having the optimal operating strategy of the energy storage system, one knows with which rate the system 
can contribute to the cooling and heating production. This would help for sizing the three main components 
of the hybrid system. With regard to the chiller, the size is certain and equal to 3.2 MW in nominal lo d. 
Thus, one should design/size a set of SCAES and a solar thermal unit that cost-effectively cover the 
absorption chiller demand.  
• Regarding the energy storage unit, based on the design objectives, this unit is so sized that it produces all 
the heating demand of the chiller at maximum charging load. According to [23], the power-to-heat 
efficiency of the SCAES is 92%. Thus, taking into account the coefficient of performance of the chiller 
(0.7), its maximum cooling duty through the whole year (3.2 MW) and an effectiveness factor of 0.85 for 
the heat exchanger delivering heat from the SCAES fluid to the generator of the chiller, the energy 
storage unit is sized as 5.5 MW of charging capacity at nominal load. The nominal discharging load of 
the SCAES is also so sized that it produces the maximum cooling demand of case study. The ratio of the 
power-to-power and power-to-cold efficiencies of the SCAES has been reported as 31/32 [23]. 
Therefore, the discharging part of the SCAES is sized as 3.1 MW to cover a maximum cold demand of 
about 3.2 MW. Naturally, if there is any surplus heat produced by the SCAES in the charging mode or 
















• A conventional method of sizing is also used for dimensioning the solar thermal system. Based on this 
method, the graph of the solar system cost and the graph of the annual operating cost of the system (here, 
the cost of heat bought from the district heating system) should be plotted on the same coordinate. Th 
point at which these two graphs intersect represents the optimal size of the solar thermal system. A 
detailed explanation of this method of sizing may be found in [29].  In the results section, it will be 
discussed how a solar thermal unit with a total area of about 6800 m2 and a storage tank with 450 m3 is 
the most appropriate choice for this work. 
3.3. Levelized cost of energy (LCOE) 
The following relation shows how the LCOE of the combined system is calculated. 
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In this equation, IC is the initial cost of the equipment including theinstallation costs, MC is the maintenance 
costs and OC is the operation cost of each component. r is the interest rate, y refers to the number of the year 
and Y is the useful lifetime of the system. The item EC is the annual cost of the electricity used to charge the 
SCAES system and HC is the annual cost of heat bought from local district heating to drive the absorption 
chiller (in case auxiliary heat is required). The sub cripts ac, scaes and ss are respectively the absorption 
chiller, the SCAES unit, and the solar thermal system. Clearly, the initial cost of the systems is only for the 
first year and it is zero for the next years. The annual operation and maintenance cost is considered equal to 
3% of the capital cost of the system. On the other hand, in the denominator of the equation, CP and EP are 
the total annual cooling and electricity production in MWh. The ratio of the annual average power and 
cooling production prices (Xe and Xc) is used to convert the power production of the system into 
economically equivalent cooling production.  
For calculating the LCOE of the SCAES and the combined absorption chiller-SCAES without the solar 
thermal system, Eq. 30 can be used provided that the irrelevant parameters (i.e. solar system capital cost and 
its operating and maintenance costs) are removed from the relation.   
Due to the restriction in having access to the realistic costs of the components at various capacities and 
models, the mean value of the very different prices given in the literature/market was used for each of these 
facilities. In addition, in order to be conservative n the calculations, a relatively high installation and running 
cost of 20% of the capital cost was considered for the involved equipment. Table 1 presents information 















Table 1. The economic values required for calculating the value of LCOE. 
Parameter Value Reference 
Absorption chiller cost (€/kW) 300 [30, 31] 
Solar thermal system cost (€/m2 of the collector) 85 [32, 33] 
SCAES cost (€/kW) 1000 [34, 35] 
Installation and running cost (% of the IC) 20 [35] 
Operation and maintenance cost (% of the IC) 3 [18] 
Interest rate (%) 4 [24] 
The useful lifetime of the assets (years) 20 [23] 
Mean annual electricity generation price (€/MWh) 30  [23] 
Mean annual heat production price (€/MWh) 21  [23] 
Mean annual cooling production price (€/MWh) 28 [23] 
 
4. Simulation results and discussions 
The results of the simulations and optimizations carried out on the proposed combined cooling and power 
production system based on the realistic dynamic operation of the case study are presented in this section. 
Fig. 4 shows the profiles of the spot price of heat and electricity that are required in the simulation and 
optimization processes. This information is associated with the production prices. In Denmark, there is a big 
difference between the production price and the fee that the energy consumers pay, which is mainly due to 
the tax regulation of the country. Unfortunately, there is no information about consumption prices. For this 
system, one only needs the heat consumption cost of the absorption chiller when fed by the local district 
heating system. As the chiller demands high-temperature heat, this makes a large relative heat loss in the 
district heating system during the warm months. During the colder months, it is relatively lower. Having said 
this, just as an approximation, a factor of 2 is taken into account for heat consumption cost (2 times of the 
production price).  
 















Generally, electricity is more valuable than heat. However, as can be seen from the figure, the high share of 
wind turbines has caused the electricity spot price to fall significantly and even to negative values 
sometimes. This is mainly why, during some periods f the year, it is seen that heat is more expensive than 
electricity. As another possible reason, one could refer to the too high load of district heating system (due to 
either too low ambient temperature or due to one of the heat production plants running out of function f r 
any reason) for which the expensive auxiliary heat r serves must come into operation. Fig. 5 shows the heat 
price profile versus the ambient temperature and demand of the network in a daily averaged format to sh w 
how the heat production price varies as a function of these two factors. Expectedly, as the temperature comes 
down, the heat price goes up and the bigger demand v lues are corresponding with the more expensive heat 
production. 
 
Fig. 5 Heat demand and ambient temperature versus heat price over one sample year of heat market in Aarhus.  
Fig. 6 illustrates the results of the NLP optimization on the optimal operation strategy of the SCAES system, 
with a maximum capacity of 5.5 MW in charging and 3.1 MW in discharging, along with the electricity spot 
price over the first 100-hour period of the year. According to the figure, when the electricity price s low the 
system starts charging and in contrast, it starts discharging when the spot price goes up. This reveals th t the 
optimization tool has performed very well. Note that the figure is presented based on the hourly average 
















Fig. 6 Optimal operation strategy of a SCAES system in the case study.  
Fig. 7 illustrates the duration curve of the SCAES power consumption and heat production in charging mode 
together with the power and cooling production rate in discharging mode. As seen, the system is in the 
charging mode over a majority of the time (about 72,000 5-min time steps which is about 68% of the whole 
year) while it has been producing cold and power during the rest of the time. The maximum charging rate is 
5.5 MW while the maximum production rate in the discharging mode is about 3.1 MW. The total annual 
power used by the compressors in the charging phase is about 11.4 GWh and the total annual power 
produced in the discharging mode is approximately 5.2 GWh. It means that an extremely interesting overall 
power-to-power efficiency of about 46% is achieved by the system, which is 15% higher than the previously 
reported efficiency value for the SCAES in [23]. This is to some extent a further effect of the optimal 
operating strategy found for the system, but more eff ctively, the consequence of an increased minimum 
pressure value for the cavern (2.5 MPa in this work). The power-to-cold efficiency of the SCAES in this 
system is about 47.5% and therefore, the cold to power utput ratio of 32/31 is achieved again, resulting in a 
maximum cooling production rate of 3.2 MW. The rate of power-to-heat efficiency in this system is 92%, 
















Fig. 7 Duration curve of the SCAES system performance in charging and discharging modes. 
Naturally, by such dynamic operation of the SCAES unit, the cavern pressure fluctuates sharply. Fig. 8 
shows how the cavern pressure varies over time during the year. According to the figure, the cavern pressure 
varies between a maximum of 12.5 MPa and a minimum value of 2.5 MPa. It is underlined that the 
constraint of the minimum cavern pressure of 2.5 MPa has been considered in the optimal operating strategy 
determination to keep the cavern structure safe from c llapsing due to the high pressure of the surrounding 
material underground. The cavern volume for this specific SCAES unit is 10,000 m3.  
 
Fig. 8 The cavern pressure fluctuation over time 
Fig. 9 shows the duration profiles of the cooling duty of the chiller in the conventional configuration and 
after being connected to the SCAES system. In this figure, the area below the black solid line represents the 
demand of the hospital, which must be covered by the absorption chiller in the conventional configuration, 















connected to the SCAES unit. In other words, the area between these two graphs is the amount of cooling 
provided by the SCAES unit, i.e. the saving offered by the hybridization process in the cold production 
process. According to the data associated with this figure, a total of 4.4 GWh is effectively (taking the losses 
through the heat exchangers and the storage units) is supplied by the SCAES unit. This is about 20% of the 
total annual demand of the hospital.   
 
Fig. 9 Cooling demand of the hospital and the SCAES unit contribution in cold production. 
In a similar manner as the previous figure, Fig. 10 gives information about the heating demand of the c iller 
before and after connection to the SCAES unit. The area between the two curves represents the amount of 
saving offered by the hybrid system in the heat demand of the chiller. As seen, the heat supply contribu ion 
of the SCAES is considerably higher than its cooling coverage contribution. This is, in fact, because of three 
main reasons: i) the cooling duty of the chiller is already reduced due to the contribution of the SCAES in 
cold production, resulting in lower heat demand of the chiller, ii) higher charging capacity of the SCAES 
relative to its discharging rate, and iii) the higher power-to-heat efficiency of the SCAES compared to its 
power-to-cold efficiency (almost double). According to the data of this figure, the high total annual heat 
demand of the chiller in the conventional configuration (~31 GWh) is reduced to only 15.8 GWh due to the 
















Fig. 10 Heating demand of the chiller before and after combination with the SCAES unit. 
Fig. 11 presents a comparison between the total daily heat demand of the AC-SCAES and conventional 
chiller configurations. As the figure shows, although a remarkable annual deduction in the heat demand of 
the chiller is made, the heating duty reduction over some days in the summer is not significant. This is due to 
the lower wind power availability during the hot summer days. This is why employing an accessory solar 
thermal system would much help for the summer, when t  solar energy is also more available. According to 
Fig. 11, a maximum daily heat demand of about 98 Wh/day remains in the combined AC-SCAES system. 
One way for dimensioning the solar system is to so size the solar system that it covers all the remaining 
demand of the cooling system. However, taking into account the limited intensity of solar irradiation in 
Denmark as a northern country, a super large solar ystem would be required which is not economically 
feasible. An alternative method for sizing the solar system is considering the cost of the solar system and the 
cost that we would be subjected to if the solar unit was not be employed (i.e. fee paid to the district heating 
system). The size of the solar unit at which these two costs are equal represents a rational dimension for the 
system. A detailed explanation of this sizing method is available in [36]. Calculations show that a solar 
thermal system with about 6800 m2 evacuated tube collectors and a solar storage tank with 450 m3 is the best 
















Fig. 11 Total daily heating demand of the chiller before and fter combination with the SCAES unit. 
Fig. 12 shows the amount of solar energy successfully injected into the chiller, reducing the heating demand 
of the hybrid system. This figure presents data in 5-minute time steps. As seen, the contribution of the solar 
system in heat production of the hybrid system is extremely higher in the summer compared to its 
contribution during the colder months, where it is practically zero. This is in practice expectable in Denmark, 
whereas for southern countries, not only the solar system performance during the summer can be better, its 
winter contribution can also be significantly higher.  
 
Fig. 12 Solar system contribution in heat production for the cooling system 
Having the hybrid system optimally operating and optimally sized, one can see how much the share of each
of the SCAES unit, the solar unit, and the district heating system are in heat preparation for the chiller. Fig. 
13 shows the values of hourly averaged heat demand of the chiller in the conventional configuration, after 
connection to the SCAES system (the AC-SCAES), and in the SPAC-SCAES configuration. According to 















even, considerably lower than the AC-SCAES configuration. This means that a huge saving has been 
achieved in the heating duty of the district heating system, especially during the critical operating time of 
summer. 
 
Fig. 13 Hourly averaged heating demand of the AC, AC-SCAES and ACSP-SCAES configurations.  
Table 2 presents information and statistics about the total annual contribution of different systems on c ld, 
heat and power productions in the combined configuration. According to the figure, the SCAES reduces the 
cooling demand by 24.6%. The remained cooling demand is covered by the absorption chiller. Out of the 
23.3 GWh heat required to drive the absorption chiller at this stage, about 49% is covered by the SCAES unit 
and only 42.9% is taken over by the district heating system. 
Table 2. Statistics of the hybrid system for the cooling production and heating preparation  
Parameter Information 
Annual cooling demand of the conventional system (GWh) 21.6 
Annual heating demand in the conventional system (GWh) 30.9 
Annual cold production of the SCAES in the AC-SCAES (GWh) 5.3 
Annual heat production of the SCAES in the AC-SCAES (GWh) 11.4 
Annual heating demand in the AC-SCAES (GWh) 23.3 
Annual DH heating duty in the AC-SCAES (GWh) 11.9 
Annual solar system contribution in the SPAC-SCAES (GWh) 1.5 
Annual heating duty of DH system in the SPAC-SCAES (GWh) 10.4 
SCAES cold production contribution in the SPAC-SCAES (%) 24.5 
SCAES heat production contribution in the SPAC-SCAES (%) 50.2 
Solar thermal system contribution in the SPAC-SCAES (%) 6.2 
DH system contribution in the SPAC-SCAES (%) 44.6 
There are two important notes regarding the solar the mal system. The first fact is that the number 6.2% 
refers to its contribution out of the total demand of the SPAC-SCAES system, and its contribution for district 
heating dependence reduction is 1.45 GWh out of 11.9 GWh, i.e. about 12%. The second fact is that even 
though 12% does not seem like a big share, this service is very valuable as it is given during the criti al 















In addition, one should note that in the simulation of various cases, the electricity consumption of the
absorption chiller is considered negligible. Generally, for a single effect LiBr-Water absorption machine, 
there are three main sources of electricity consumption, namely the refrigerant pump, the solution pum, and 
the cooling tower pump. The electricity consumption of the refrigerant pump and the solution pumps are 
respectively less than 0.05% and 0.25% of the cooling capacity the absorption chiller. The required 
electricity of the cooling tower will be about 2% of the cooling capacity [37]. For example, for the 
conventional absorption machine of the hospital with a peak cooling capacity of 3.2 MW, in nominal 
capacity operation, the refrigerant and solution pum s consume 1.6 kW and 8 kW while the cooling tower 
electricity use will be 65 kW. These three altogether will consume 74.6 kW electricity which is only around 
2.3% of the cold production capacity of the chiller.  
Fig. 14 shows the value of the LCOE of the five different cases, namely, the conventional chiller, the SCAES 
system, the solar system alone, the combined AC-SCAES and the hybrid SPAC-SCAES system.  
 
Fig. 14 Comparison of the LCOE value of the system in the diff rent configurations. 
As seen, the conventional system, i.e. the absorption chiller, offers a high LCOE of about 525 DKK/MWh 
(70 €/MWh). On the other hand, the solar thermal system offers the very interesting LCOE of 195 
DKK/MWh (26 €/MWh), even though Denmark is not very rich in terms of solar irradiation. This is mainly 
due to the subsidies that the government pays for renewable energy, keeping the cost of the system low. 
The next important point is that the SCAES system presents a low LCOE (455 DKK/MWh = 60.7 €/MWh). 
The main reason for this is that this system offers a very high coefficient of performance (about 1.85 based 
on the configuration and operating strategy defined i  this work). According to the figure, the combination of 
the absorption chiller and the SCAES unit (AC-SCAES) results in a very interesting LCOE of 510 
DKK/MWh (76 €/MWh) and this is due to the cost-effective contribution of the SCAES and proper sizing of 















desirable, equal to 420 DKK/MWh (56 €/MWh), indicating the important role of the solar thermal system 
not only on the technical aspects but also on the economic performance of the system.  
In the end, it should be noted that the correction factor considered for the heat consumption price (i.e. 2) does 
not change the operation methodology of the system in any way. Indeed, the only effect of a different 
correction factor is on the results of the optimization algorithm that finds a different charging/discharging 
plan for the SCAES unit and consequently changes th economic outcome of the conventional and new 
systems accordingly. Naturally, the larger heat consumption price, the higher operation cost of the absorption 
chiller as it is supplied by district heating only. This will slightly increase the operation cost of the hybrid 
system as well because the hybrid SPAC-SCAES system i  partially supplied by district heating. Therefore, 
the obtained LCOE for the conventional system will be dramatically larger while the LCOE of the SPAC-
SCAES system will be slightly higher. This means a larger saving and a stronger proof of the cost-
effectiveness of the proposed system. In contrast, if a smaller correction factor is chosen, the cost-
effectiveness of the proposed system will be less impressive. A correction factor below 2 does not make 
sense because a major portion of the energy cost in Denmark is related to the taxes, distribution costs, etc.   
 
5. Conclusion 
The SCAES is a recently introduced energy storage technology, which produces heat, cooling and electricity 
in a cost-effective manner and at a high overall coefficient of performance. In this work, an innovatie 
configuration was proposed through which the SCAES is combined with a large-scale SPAC to decrease the 
cooling duty and the LCOE of the chiller. On the other hand, if a large scale absorption chiller is supplied by 
district heating system, the critical problem would be the too much heat demand of the chiller during summer 
when there is not enough heat in the district heating. The other big advantage of the hybrid SPAC-SCAES 
system is overcoming this challenge and minimizing the dependency of the cooling system on the district 
heating grid.  
In order to prove the sufficiency of the proposal, the hybrid system was designed; sized and analyzed for a 
large-scale absorption chiller in Denmark where the s are of wind power is dramatically high and therefore, 
the existence of an energy storage unit would make a great sense. The challenge of the energy storage syst m 
was determining an optimal operating strategy due to a large number of effective parameters on the optimal 
techno-economic performance of the setup. Naturally, professional optimization methods are required for 
this, however, the NLP approach, which is precise enough and acceptable to a very good extent, was used in 
this work. Employing the results of this optimization, one could size the SCAES unit and subsequently, the 
solar thermal system.  















of dependence on district heating during summer time is totally resolved. In addition, the unit can play an 
active role in the power market, mainly as an emergency production unit. For this, the very low startup ime 
of the system is a big advantage, enabling the unitto come into operation on the scale of seconds. 
Considering the results obtained from the simulations for the case study, it could be concluded that te 
proposed hybrid technology can be reliably used for supplying cold and electricity, especially where th re is 
a renewable power plant (e.g. wind farm or a solar power plant), and consequently, there is a need for an 
electricity storage unit. The proposed hybrid system might be considered as an active element of the future 
energy systems, in which a high share of renewable energy is expected, there must be concrete integration 
and synergies between various energy systems, and district cooling and heating networks are widely 
distributed.  
As a future work on this topic, a professional optimization algorithm that can optimize the performance of 
the whole combined SPAC-SCAES system, not the energy storage unit only, is proposed. In addition, the 
observations showed that the wind power availability is low during summer when a more active operation of 
the SCAES would result in a bigger contribution to the cold production. Therefore, the hybridization of an 
absorption chiller with a SCAES unit coupled with a PV system, for instance, would result in a significant 
improvement in the performance of the hybrid SPAC-SCAES system. This configuration will also be 
designed and investigated as a future work in this context. 
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1. A new hybrid configuration for trigeneration of heat, cold and electricity is proposed. 
2. The system comprises a solar driven absorption chiller plus an electricity storage unit. 
3. The operation of the electricity storage unit is determined via optimization methods. 
4. The components of the hybrid system are sized based on techno-economic criteria. 
5. The performance of the hybrid system is simulated and analyzed for a case study. 
